Dyonic black holes with corrections due to higher-genera world sheet contributions are studied in the near-horizon region. In perturbative string theory compactified to four dimensions with N = 2 supersymmetry, in the first order in string-loop expansion parameter, we solve the system of Maxwell and Killing spinor equations for dyonic black hole. At the horizon, string-loop-corrected solution displays restoration of spontaneously broken supersymmetry.
Since appearance of papers [1] , where it was noted that the Robertson-Bertotti geometry is maximally supersymmetric, i.e. does not break any of supersymmetries of N = 2, d = 4 supergravity, there appeared a number of papers discussing this this and related phenomena in different systems [2, 3, 4, 5] .
In particular, it was made clear that if at special points of space-time the metric of a system is asymptotic to the Robertson-Bertotti metric, than at these points some partially broken supersymmetries can restore.
This property of the metrics imply the universality properties of black holes in supersymmetric theories: the entropy-area formula, attractor properties of a system at the points of supersymmetry restoration, etc. [4, 5, 6, 7, 8, 9, 10, 11, 12, 13] and refs. therein.
In this letter we discuss these properties in the case of the string-loop-corrected dyonic black hole. In the framework of perturbative string theory (heterotic or type II) compactified to 4D with N = 2 supersymmetry, the prepotential of the effective low-energy theory receives only one-string-loop correction from string world sheets of torus topology [14, 15, 16] . String-loop expansion parameter is ǫ = e φ∞ , where φ ∞ = lim φ| r→∞ . Starting from the loop-corrected prepotential, in the first order in ǫ, we solve Killing spinor equations (conditions for supersymmetry variations of spinors to vanish). In the region of small r, near the horizon of the black hole, we obtain expressions for the metric and moduli and verify vanishing of certain objects implying restoration of supersymmetry. N = 1 supersymmetric 6D effective action when compactified to 4D on a two-torus T 2 yields N = 2 locally supersymmetric theory. Bosonic part of the 4D effective action in the Einstein frame is [17]
On the other hand, the bosonic part of the action of a N = 2 locally supersymmetric theory has the form [18, 19, 20 ]
Here
e µνρλ F ρλ , and e µνρλ is the flat antisymmetric tensor, e 0123 = −1. The couplings N IJ are defined below, k ij is the Kähler metric k ij = ∂ 2 K ∂z i ∂z j , where K is the Kähler potential. The moduli are
Here φ and a 1 are dilaton and axion, a 2 = B 12 , other moduli are identified by comparison with the metric of the two-torus
In the holomorphic section which admits introduction of the prepotential, the effective action (1) can be identified with the action (2) having the prepotential of the STU model (for instance, [15] )
The Kähler potential is given by
and is invariant under symplectic transformations. Here V is the Green-Schwarz function
Re y 2 Re y 3 .
In the section with the prepotential the gauge couplings are calculated using the formula (for instance, [18, 19, 20] )
where
In the first order in string coupling constant, the gauge couplings N IJ are [22] N 00 = iy
N 03 = −ǫ n + 2v + 2y 3 hy + 4y 3 h 3 4y 3 − iǫa 3 y 1 y 2 y 3 ,
Here we introduced the notations:
In the case of black hole solutions in which we are interested in this paper, the tree-level moduli y i are real. Since the expressions of the first order in string coupling are calculated by substituting in the arguments the tree-level moduli, below, in cases where this does not lead to confusion, we use the same notation y i for the real parts of the moduli. The field equations and the Bianchi identities for the gauge field strengths are
In sections which do not admit a prepotential (including that which naturally appears in compactification of the heterotic string action), the gauge couplings are obtained by making a symplectic transformation of the couplings calculated in the section with the prepotentialN
In the first order in string coupling, transformation from the section with the prepotential to that associated with the heterotic string compactification is performed by symplectic transformation with the matrices
where a, b, c and d are constant symmetric matrices. The form of the corrections to the treelevel matrices [15] is constrained by the requirement that in the heterotic section the loop corrections to the couplings are proportional to ǫe φ . This results in symplectic transformation with a = b = 0, c is an arbitrary symmetric matrix with c 1i = 0 and the only non-zero element of the matrix d is d 11 [22] .
General dyonic solution can be obtained by solving the Killing spinor equations which are conditions for the supersymmetry transformations of the chiral gravitino ψ αµ and gaugini λ iα to vanish (for instance, [19, 23, 24] )
Here wâb µ and Q µ are the spin and Kähler connections, and one introduces symplectic invariants [19, 25, 10 ]
Here k ij is the inverse Kähler metric, and
In the case of a stationary spherically-symmetric solutions with the metric
The µ = 0 component of the gravitini Killing spinor equation can be presented as
Here the indices with hats refer to the tangent space basis. Assuming the Ansatz for a constraint on the supersymmetry parameter ǫ α = γ0ǫ αβ ǫ β (cf. [24, 10] ), separating the coefficient at the spinor structure and taking the real part of the resulting equation, we have
where we used that w0b 0 = 
Contracting Eq.(21) with the functions f I i , we have
Using the relations of special N = 2 geometry, Eqs. (22) can be recast in the form which contains G − I 0n andF I . Contracting Eq. (22) withF I and using identities
F I , which follow from definitions of f I i and G I µν , we havē
Removing the functionsX I , we obtain the symmetric equation
Substituting the gravitino equation, Eqs. (22) and (23) are presented as (cf. [11] )
Here we used the equality
Eqs. (24) and (25) are not independent, but one set can be obtained from the other. One can also take some equations from the first set, and the remaining equations from the second.
Let us solve Eqs. (24) and (25) . We consider a tree-level dyonic black hole solution with vanishing axionic parts, i.e. the tree-level moduli y i are real. Axions a i = Im y i can appear at higher orders in ǫ. The holomorphic section associated with the heterotic string compactification is (X I ,F I ) = (1, y 2 y 3 , iy 2 , iy 3 ; −iy 1 y 2 y 3 , −iy 1 , y 1 y 3 , y 1 y 2 ).
The tree-level dyonic solution contains two magnetic and two electric fields with strengths * F 0
. Taking imaginary parts of Eqs. (24) for I = 0, 1 and Eqs. (25) for I = 2, 3, we obtain
Substituting (27) and (28) in the system (29) and (30), we obtain the equations
and
with the tree-level solutions (cf. [26, 27, 28, 10, 11, 13] )
. where
The factor √ 8 is due to different normalizations of the gauge fields with respect to the Einstein term in the actions (1) and (2). The constants a i and b i are constrained by the requirement that solution is asymptotically flat. In the following, we consider a solution with the constants a i = b i = 1.
From the tree-level solutions it follows that expressions ∂ n z i are finite and the functions G , one obtains a conformally flat form of the metric in the limit ρ → ∞. As follows from the above, in this limit the derivatives of the moduli ∂ ρ z i vanish. Due to vanishing of the function e U in the limit r → 0, all the terms in gravitini and gaugini equations vanish separately and yield no restrictions on supersymmetry parameter (cf. [2, 3, 5] ), i.e. at this point supersymmetry is restored.
In papers [27] it was shown that in general case of string tree-level dyonic black hole, nonzero total electric and magnetic charges yield constraints, each preserving 1/2 of the supersymmetry unbroken (so that general dyonic configuration preserves 1/4 of the supersymmetry unbroken). This result is not in contradiction with the restoration of supersymmetry at the horizon, because the constraints are obtained from Killing spinor equations which contain the metric e 2U . At the horizon the terms multiplied by the metric vanish, and there appear no relations leading to constraints.
Let us turn to the loop-corrected dyonic solution. The functions φ, γ and σ which enter the moduli (3) and the function 2U in metric are split into the tree-level parts φ 0 , γ 0 , σ 0 , 2U 0 and the parts of the first order in string coupling: φ = φ 0 + ǫφ 1 , ..., 2U = 2U 0 + ǫu 1 . With the required accuracy, the Kaehler potential is
In the first order in string coupling, taking into account that the terms of the main order in string coupling cancel, Eqs. (29) with I = 0, 1 yield
From this system we find that in the limit r → 0 the function γ 1 vanishes, γ 1 = O(r), and
Substituting the loop-corrected expressionsF 2 = y 1 y 3 −ǫh 2 andF 2 = y 1 y 2 −ǫh 3 and introducing L a = ǫh a y a e 2γ 0 , we reduce the second pair of equations (30) to the form
From these equations at small r we find
Thus, the string-loop corrections to the real parts of the moduli and the metric and their derivatives over r at the point r = 0 are finite. Let us consider solution of the gaugini Killing spinor equations written in an alternative form (22) . At the tree level, substituting explicit expressions for the field strengths (27) and (28) and solutions for the moduli (34), we find that in the limit r → 0 all the combinations Keeping the terms of the main and the first orders in string coupling, the Maxwell equations
Only the diagonal gauge couplingsN II contain the parts of the main order in string coupling. The field strengthsF 0,1 0r , absent at the tree level, are of the first order in string coupling. Solving the Maxwell equations in the holomorphic section associated with the heterotic string compactification with the gauge couplingsN IJ calculated from the couplings (8) by using the transformations (12) , (13), we obtain
Substituting the field strengths (43)-(46), we have [22] 
Because Killing spinor equations are linear in derivatives of the moduli, in the first order in string coupling the equations for the real and imaginary parts of the moduli decouple. First, let us solve the loop-corrected gaugini equations for the real parts of the moduli. The combinations B I n = f I i ∂ n z i which enter Eqs. (22) are
Other combinations are B a n = i(B 0 n + e K/2 ∂ n y a ), where a = 2, 3. The expression e K S 0n in Eqs. (22) can be presented as
Substituting the above expressions, we obtain the gaugini Killing equations (22) with I = 0, 1 in the form
At small r we have
The Eqs.(46), in the limit r → 0, are
Similar transformations of the gravitini equation yield
, and the gravitini Killing equation takes the form
Solving Eqs. (56) and (57), we find that corrections to the metric, dilaton and the moduli γ and σ near the horizon of the black hole are of the form (37), (39) and (40). Let us consider the equations for imaginary parts a i of the moduli y i = Re y i + ia i . The functions a i are zero at the tree level, and can appear in the first order in string coupling. Below, in the equations for a i , the moduli Re y i appear only in the main order, and again we keep notations y i for the real parts of the moduli. Contracting gaugini Killing Eq.(21) with the metric k ij , introducing T I0r ≡ Im N IJ F −J 0r and separating the imaginary part of the resulting equation, we have
Introducingq 0 = q 0 − c 00 P 0 andq 1 = (q 1 − d 11 P 1 )e 2γ 0 , with the required accuracy, Eqs.(59) are written as 
where k = 
enpq(∂ p w q − ∂ q w p ) and Im T − 0n = 2Re e K/2 S 0n with S 0n from (47). In the limit r → 0, we have Im T = O(r 0 ) and e U Im T = O(r) implying vanishing of the functions w n in this limit and stationarity of solution.
To conclude, general loop-corrected dilatonic black holes with four charges, as the tree-level solutions, at the horizon, display restoration of N = 2 supersymmetry. The metric in the near-horizon region becomes of the Robinson-Bertotti type. This result is natural, provided perturbation theory does not violate supersymmetry.
